Protein topology, which refers to the arrangement of secondary structures of proteins, has been extensively investigated to examine its role in protein folding. However, recent studies show that topology alone cannot account for the variation of folding behaviors observed in some proteins of the same structural family. In a recent work, we showed that the native structure of the second ␤ hairpin of protein G predicts a folding mechanism that is different from topology-based models. Here, we continue to examine how much one can learn about folding mechanism from native structure. This work focuses on fragment B of Staphylococcal protein A ͑BpA͒ -a three-helix (H 1 , H 2 , and H 3 ) bundle protein. Using a recently developed all-atom ͑except nonpolar hydrogen͒ Gō model interacting with simple discontinuous potentials, the folding of the model BpA was observed in 112 out of 249 trajectories within 50 h of CPU times on a Pentium PC ͑1 GHz͒. The model successfully captured several specific properties of BpA that have been observed experimentally. These include the higher stability of H 3 compared to H 1 and H 2 , and the higher stability of the H 2 -H 3 microdomain compared to the H 1 -H 2 microdomain. These specific details were not produced by a topology-based square-well model of BpA. Thus, the result further supports the important role of sidechain packing in determining the specific pathway of protein folding. Additional 96 000 short simulations were performed to locate the transition states of the two folding pathways. The limitation of the Gō model and its possible improvement are also discussed.
I. INTRODUCTION
Theoretical/computational studies of protein folding are constrained by computing power. All-atom models of proteins, using an empirical force field, such as Chemistry at Harvard Molecular Mechanics ͑CHARMM͒ 1 can be simulated in explicit solvent for only tens of nanoseconds, whereas protein folding ͑in vitro or in vivo͒ usually occurs on a time scale that is at least orders of magnitude longer. As a result, folding simulations have been limited to short peptides, [2] [3] [4] [5] early stages, 6, 7 and constrained ͑targeted͒ dynamics. 8 Analysis of free-energy surfaces [9] [10] [11] [12] and unfolding kinetics [13] [14] [15] [16] have also been used to infer folding. These methods assume that unfolding is the reverse of folding and that the equilibrium folding pathway is similar to the kinetic folding pathway. Recently, a distributed-computer/ensemble dynamics that utilizes personal computers all over the world has been used to study folding mechanism by focusing on ultrafast folding trajectories. 5 Thus, only simplified models are capable of directly simulating the long-time folding kinetics of a protein. As computing power increases, simplified models have evolved from two-and three-dimensional lattice model, [17] [18] [19] [20] [21] [22] [23] to reduced off-lattice model, 24 -36 to all heavy-atom model 37 and to all-atom ͑except nonpolar hydrogen atoms͒ 38, 39 off-lattice model. Folding simulations using simplified models not only can uncover the physical principles that govern protein folding 19, 20, 40, 41 but may also reveal specific folding behavior of a given protein 39, 42 Early experimental studies suggested that the folding mechanism of proteins is encoded in the native topology, which refers to the arrangement of secondary structures within the native tertiary structure. This view was supported by mutation experiments on ␣-spectrin SH3 43 and src SH3 domains 44 and Pin WW 45 and YAP WW [46] [47] [48] domains. A C ␣ -atom off-lattice Gō model by Clementi et al. ͑2000͒ , which contains C ␣ -backbone and dihedral-angle interactions, semiquantitatively reproduced experimentally observed transition states and on-pathway intermediates of several proteins.
More recent work indicates that the relationship between topology and folding mechanism may be more complex. 49, 50 An example is protein G and protein L, which have identical topology in which a four-strand ␤ sheets pack with an ␣ helix. Experiments found that the first and second ␤ hairpins play different roles in the folding of protein G 51 and protein L. 52 More recently, the respective roles of the two ␤ hairpins of protein G are reversed by engineering the turn regions. 53 A family of intracellular lipid binding ͑ILB͒ proteins with identical topology ͑predominantly ␤ proteins͒ 54 -56 was found to fold via two distinct types of collapsed intermediates: one with nativelike secondary structures, the other without secondary structures. The latter type of intermediates occurs in ILB proteins that have a core made up of mostly hydrophoa͒ Author to whom correspondence should be addressed. Electronic mail: yqzhou@buffalo.edu bic residues. Similar behaviors were observed in four-helixbundle proteins. 57 A shift in the transition state has also been observed in the SH3 domain. 58 Furthermore, topology based Gō models cannot reproduce the folding mechanism of some proteins. 59 Even for the same native topology, the folding mechanism of a Gō-like model depends on the energetic bias toward native structure. 34, 60 The different folding mechanisms of proteins with the same topology are often attributed to the difference in detailed energetics 50, 61 and/or hydrophobic contents. 54 -56 In a recent work, 39 we found that the detailed packing of the native structure plays an important role in determining the folding mechanism of the second ␤-hairpin fragment of the Igbinding domain B of streptococcal protein G. The all-atom model based on native Gō-like interactions yields a hydrophobic collapse mechanism consistent with high-temperature unfolding simulations and equilibrium free-energy surface analyzes based on established all-atom empirical force fields in explicit or implicit solvent. [62] [63] [64] [65] [66] [67] [68] This illustrates that the explicit inclusion of side chains leads to the specific folding mechanism. The all-atom model further predicts that the collapse is initiated by two nucleation contacts ͑a hydrophilic contact between D46 and T49 and a hydrophobic contact between Y45 and F52͒, in agreement with recent nuclear magnetic resonance ͑NMR͒ measurements. 69 This paper examines the folding kinetics of a model protein that mimics the packing and contact interactions of fragment B of Staphylococcal protein A ͑BpA͒. BpA consists of three helices, H 1 , H 2 , and H 3 that are linked by loop L 1 ͑between H 1 and H 2 ) and loop L 2 ͑between H 2 and H 3 , Fig.  1͒ and is a popular folding model for helical proteins. A recent NMR study found that it has one of the fastest known folding rates (ϳ10 s͒. 70 Partly because of its high folding rate, experimental studies have been unable to identify, with certainty, its folding pathways. 71, 72 Due to its small size and simple topology, BpA has been the topic of many theoretical studies. It has been studied by all-atom equilibrium simulations, 9, 10 high temperature all-atom unfolding simulations 73 as well as by simulations of simplified models. 34,36,60,74 -77 However, a consensus has not been reached on the specific folding pathways of BpA. The purpose of this paper is to reveal the folding mechanism determined by the packing and native contacts of BpA.
The packing and native contacts of BpA are modeled by a recently developed all-atom ͑except nonpolar hydrogen͒ Gō model. The model has been used to study the folding thermodynamics of BpA, 38 which highlights the role of solidlike packing in two-state folding cooperativity. 31, 78 The offlattice model is based on discontinuous square-well interactions that have the advantage of allowing more realistic dynamics than lattice models without requiring inordinate amount of computation time. 79 Independent studies have shown that square-well interaction models yield results similar to continuous potential models of rare gas clusters [80] [81] [82] [83] and isolated homopolymer chains. 80, 84, 85 Models based on square-well interactions have also been used by a number of groups to study protein folding. 30,31,34,35,37-39,86 -88 Although a Gō model neglects nonnative interactions and solvent effects, topology-based Gō models have revealed the important role of topology on folding thermodynamics and kinetics. 31, 33, 34, 36, 42, 59, 60, 89, 90 In this work, the extension to an all-atom Gō model allows us to examine whether the atomic details of the structure of proteins can provide additional important information on folding mechanism.
The all-atom Gō model of BpA allows us to fold the 46-residue, 459-atom BpA. At a reduced temperature (T*) of 2. domain over the H 1 -H 2 domain, unlike previous C ␣ -based Gō models, 34 illustrates that sidechain packing plays a critical role in the details of folding.
II. MODEL AND METHODS
The setup of our theoretical model has been described previously. 38, 39 The initial heavy-atom positions of the native state of the model protein were obtained from a NMR study. 91 The NH 2 terminus and N-methyl COOH terminus of the polypeptide ͑residues GLN 10 and ALA 55, respectively͒ were capped with acetyl and amine groups, respectively. The total number of atoms is 459. The initial positions of polar hydrogens were generated by the CHARMM program 1 and were minimized for 100 steps to remove bad contacts using the CHARMM polar hydrogen parameter set 19 with distance dependent dielectric constant. 92 In the present model, all heavy atoms and polar hydrogens ͑bonded to N or O͒ are represented by a bead. Two bonded atoms i and j as well as any 1,3 angle-constrained pair and 1,4 aromatic carbon pair, are constrained to a centerto-center distance between 0.9 i j and 1.1 i j , where i j is the atomic separation obtained by the CHARMM energy minimization. This constraint is accomplished by an infinitely deep square-well potential
͑1͒
Here, a large bond flexibility parameter of 0.1 is used to reduce the frequency of bond collisions. The variation of this parameter has been shown to have no significant impact on the overall mechanism of folding. 60 We also introduce a ''bond'' potential for improper dihedral angles to maintain chirality about a tetrahedral extended heavy atom and certain planar atoms. The potential has the form
͑2͒
A large 20°fluctuation was used to decrease the simulation time of the protein. A smaller value will decrease the folding rate but will not affect the folding mechanism presented here. The improper angles are identified by using the CHARMM parameter set 19. In Eq. ͑2͒, 0 ϭ35.26439°for chiralconstrained atoms ͑such as an ␣ carbon without explicit hydrogens͒ and 0 ϭ0°for planar-constrained atoms ͑such as a carbonyl carbon͒. The improper dihedral potentials u improp preserve the L-form chirality of amino acids and mimic some of the rigidity of peptide units. A nonbonded i,j pair interacts by a hard-core and square-well potential
͑3͒
where i j vdW are the van der Waals parameters from the CHARMM polar hydrogen parameter set 19 92 and B i j are the interaction strengths. The factor of 0.8 for the hard-core diameters is typical for ratio between the diameter of a hardsphere reference system and the van der Waals parameter found in the Weeks-Chandler-Andersen perturbation theory, 93 while a ratio of 1.5 between the square-well and hard-core diameters is typical for systems of small molecules. 94 Initial hard-core overlaps in the CHARMM minimized structure are removed by a short discontinuous molecular dynamics ͑DMD͒ simulation during which the square-well interactions for the contacts found in the NMR structure are set to Ϫ100. A large negative energy is used to ensure that the original native contacts are maintained during the process of removing overlapping contacts. The initial hard-core diameter between any two overlapped atoms is set to the distance between the atoms found in the energy minimized structure. The hard-core diameters are adjusted at each time step until the true hard-core diameters are reached and the simulation is continued until all initial overlaps are removed. The resulting structure has a root-mean-squared deviation ͑rmsd͒ from the nmr averaged structure of only 0.70 Å, and is employed as the global minimum structure for the model ͓Fig. 1͑a͔͒. An ␣ helix hydrogen bond is defined by a cutoff distance of 2.88 Å between a main-chain carbonyl oxygen of residue i and an amide hydrogen of residue iϩ4. An ␣ helix is defined according to the Kabsch-Sander 95 hydrogen-bond pattern definition, which allows for missing hydrogen bonds in helices. Thus, helix I (H 1 ) includes residues 10-19, helix II (H 2 ) includes residues 24 -38, and helix III (H 3 ) includes residues 41-55. Two loops L 1 ͑residues 20-23͒ and L 2 ͑resi-dues 39 and 40͒, connect H 1 and H 2 , and H 2 and H 3 , respectively. In all, there are 3381 square-well atom-atom overlaps ͑including both backbone and sidechain contacts͒ in the global minimum structure. Henceforth, these shall be referred to as native atomic contacts.
A Gō interaction 96 is employed to ensure that the energy of the native structure shown in Fig. 1͑a͒ is at the global minimum. In a Gō model, a square-well overlap between two atoms results in an interaction energy of Ϫ⑀ (B i j ϭϪ1) for a native contact and 0 (B i j ϭ0) otherwise. The Gō model is employed since it is the simplest model that optimizes the global minimum energy to the native structure of a protein.
Hence it is appropriate for investigating the role of packing and native atomic contacts in the folding mechanism of BpA. Henceforth, the internal energy, E* (ϭE/⑀), and temperature, T* (ϭk B T/⑀), are scaled in units of ⑀. A reduced time unit t* is also used (t*ϭtͱ⑀/M L 2 where M is the average mass of the atoms and L is 1 Å͒.
The DMD simulations of the isolated model protein are performed in a canonical ensemble. Constant temperature is maintained by collisions with ghost-solvent particles. The algorithm and implementation of DMD are described in earlier publications. 60, 80 Equilibrium DMD simulations 38 Kinetic folding simulations were started from random coil states, obtained from simulations at T*ϭ4.0 for a duration of t*у10 000, and quenched to a temperature of T* ϭ2.5 ͑the folding transition temperature is T f *ϭ3.35). The folding simulations were also carried out at T*ϭ2.0, 3.0 and 3.35 to confirm the folding mechanism observed at T* ϭ2.5. At T*ϭ2.5, 197 folding simulations were carried out. They were terminated at a reduced time of t*ϭ80 000 whether the proteins have folded or not. Each simulation involved approximately 1 billion collisions and 50 h CPU on a Pentium PC ͑1GHz͒. Among the 197 simulations, 80 were found to be folded based on the criteria that the mainchain and heavy-atom rmsds are less than 1.5 and 2.0 Å, respectively, from the NMR structure, and that the fraction of nonlocal native contacts exceed 0.65, which is the average value at T*ϭ2.5. The progress of folding was monitored by the number of ␣ helical hydrogen bonds N HB and the fraction of nonlocal native contacts Q (͉iϪ j͉у4) between residues.
III. RESULTS
The changes in the folding progress variables as a function of reduced time are presented in Fig. 2 . The results were averaged over the 80 folded trajectories at T*ϭ2. 5 . Figure  2͑a͒ shows the behavior of fraction of helical native contacts versus fraction of interhelical native contacts and fraction of nonlocal native contacts Q. Figure 2͑b͒ compares the fraction of native hydrogen bonds of the three helices. It is evident that secondary helical structure rapidly reaches the equilibrium value of ϳ0.5 within t*ϳ2000. In contrast, interhelical contacts and Q increase slowly and gradually. Figure 2͑b͒ further shows that all three helices form rapidly. H 3 has the highest fraction of native intrahelical contacts and thus, is the most stable helix.
The formation of helices is followed by the formation of a two-helix microdomain. Figure 3͑a͒ plots the probability distribution of the fraction of native H 1 -H 2 contacts and the fraction of native H 2 -H 3 contacts ͑i.e., the ratio between the number of native contacts in a simulation structure to the number of native contacts in the native structure͒. The twodimensional probability distribution was calculated by binning the fraction values of the 197ϫ800 configurations into bins with widths of 0.05 ͑Structures were saved every 100 reduced time units, for a total of 800 recorded structures for each simulation͒. The distribution shows that the proteins spend most of the time in the random coil state, which has few or no nonlocal tertiary (H 1 -H 2 or H 2 -H 3 ) contacts. The population of the H 2 -H 3 microdomain far exceeds the H 1 -H 2 microdomains. This shows that the free energy barrier from coil to H 2 -H 3 is lower than between coil to H 1 -H 2 . The low native peak is deceptive, since only 80 of 197 trajectories folded to the native state and the completion of folding often occurs late in the simulations (t* у50 000). Figure 3͑b͒ 
A. Analysis of the main pathway
The dominant pathway folds via an H 2 -H 3 intermediate. A typical trajectory is shown in Fig. 4 . The folding is initi- A probability distribution, averaged over the 71 trajectories that folded by this pathway, is shown in Fig. 5 
More detailed information on the intermediates and transition states is obtained by analyzing the average contact maps at different values of Q ͑Fig. 6͒. The contact maps were obtained from configurations, recorded at every t*ϭ100, of the 71 trajectories that folded by the dominant pathway. The configurations were placed into Q bins of width 0.05 starting from Qϭ0.0-0.05. Within each bin, the fraction of atomic contacts of every native residue-residue pair is averaged over all configurations. For a given Q, a probability value of 0.0-0.2 indicates that the contact between the residueresidue pair is transient. A value of 0.2-0.6 indicates residue-residue contact of intermediate stability, while a probability value у0.6 indicates residue-residue contacts of high stability.
The initial stage of folding ͑low Q) is illustrated in Fig.  6a To examine the variation of the compactness of BpA along its folding pathway from coil to native, the radius of gyration (r g ) as a function of Q is calculated. The radii of gyration of the 71 dominant pathway configurations are placed into Q bins of width 0.05 starting from 0.05 to 0.1, and the average r g is calculated for each bin. Figure 7 plots r g versus Q for the dominant folding pathway. The changes can be divided into three main categories: ͑1͒ burst phase; ͑2͒ H 2 -H 3 microdomain; and ͑3͒ transition state. The burst phase ͑Qϭ0.2-0.35͒ corresponds to the coil-like intermediate (I 1 ) and forms rapidly (t*ϳ5000). The radius of gyration (r g ) decreases from r g ϳ20 Å in the initial configurations to r g ϳ17 Å in the coil-like state ensemble I 1 . Since r g ϳ10.2 Å for the native state of BpA, this corresponds to a ϳ31% collapse. Though the collapse is partly due to the formation of the helical structure, most of the collapse is due to transient nonspecific tertiary contacts visible in Fig. 6͑a͒  ͑probability р0.2) . The second collapse ͑Qϭ0.35-0.45, Fig.  7͒ corresponds to the formation of the H 2 -H 3 microdomain and results in an abrupt reduction in the radius of gyration to ϳ14 Å. A decrease of r g to ϳ12Å in the transition state region precedes folding to the native state (r g ϳ10.2 Å͒. However, a transition state is inherently unstable, and the number of population distribution at Qϭ0. 45 state ensemble obtained here is approximate. Later we shall determine the transition states more rigorously.
B. The secondary pathway: Comparisons to the dominant pathway
Only nine trajectories folded via the secondary pathway with an on-pathway H 1 -H 2 intermediate. Hence the result discussed below is subjected to the limitation of a small data set. However, the conclusion drawn should be qualitatively correct. Figure 8 shows the Q versus N HB population distribution. Unlike the main pathway ͑Fig. 5͒, there appears to be only one major barrier separating the folded state from the denatured state. The transition state ensemble ͑Qϭ0.5-0.6͒ is also distributed over a wider region than that of the TS 1 or TS 2 ensemble in the dominant pathway. This illustrates that low multiple barriers in a folding pathway lead to faster folding than a single major barrier in a folding pathway. 97 The probabilities of residue-residue contacts and helical hydrogen bonds at different ranges of Q values are shown in Fig. 9 . As in the dominant pathway, in the early stage ͓Qϭ0.15-0.2, Fig. 9͑a͔͒ , only local contacts and some helical structures are stable, while only a few transient tertiary contacts are present. In particular, H 3 has four stable helical hydrogen bonds, compare to one for H 1 and none for H 2 . This early stage is followed by the coil-like intermediate with well-established helical structure ͓Qϭ0.3-0.35, Fig.  9͑b͔͒ . Comparisons of Figs. 6͑a͒ and 6͑b͒ and Figs. 9͑a͒ and 9͑b͒ show that in the early stage and coil-like state, the formation of helical hydrogen bonds ͑below the diagonal͒ of the dominant and secondary pathways are identical. This shows that helices form first, regardless of the tertiary structureformation hierarchy of the folding pathway. Helical formation is followed by the formation of the H 1 -H 2 microdomain ͓Qϭ0.35-0.45, Figs. 9͑c͒ and 9͑d͔͒ . The transition state involves the formation of H 2 -H 3 interhelical and loop-helical contacts ͓Qϭ0.5-0.55, Fig. 9͑f͔͒ .
To further illustrate the difference in the folding pathways, we examine the variation of r g versus Q of the two pathways. Figure 7 shows that both pathways follow hierarchical steps of increasingly more compact states: burst phase ⇒ microdomain ⇒ transition state ⇒ native. One discernible difference is that the burst and intermediate states of the dominant path are slightly more compact ͑smaller r g ). For the transition states ͑Qϭ0.45-0.55͒, r g appears to be smaller for the secondary pathway. However, the transition states are sparsely populated ͑Figs. 5 and 8͒, and the radius of gyration obtained for this region may be inconclusive.
One of the reasons for the difference between the two folding pathways is that the H 2 -H 3 microdomain is more stable than the H 1 -H 2 microdomain. This is clear from Fig.  3͑a͒ that shows a sharply peaked H 2 -H 3 distribution, in contrast to a broadly peaked H 1 -H 2 distribution. Fig. 10͑a͒ is an example of how the H 1 -H 2 microdomain can unfold almost completely before refolding again. In contrast, Fig. 10͑b͒ shows a very stable H 2 -H 3 microdomain.
C. Effects of temperature on folding mechanism
To study the effects of the folding temperature of the native state on folding mechanism, we performed 52 simulations at T*ϭ2.0, starting from random coil states obtained from simulations at T*ϭ5.0 for a duration of t*ϭ10 000. The duration of each folding simulation was t*ϭ80 000. For this set of simulations, there is an increase in the stability of the native contacts and a corresponding increase in the folding rate to 62% ͓32 of 52, Fig. 3͑c͔͒ . Folding still follows a diffusion-collision mechanism with preformed helices followed by microdomain formation before folding to the native state. However, the folding pathway is less heterogeneous, with 69% ͑22 out of 32͒ of folded trajectories folding via the H 2 -H 3 microdomain compare with 89% for simulations at T*ϭ2.5 starting from T*ϭ4.0. This is partly due to the higher percentage of trajectories that form H 1 -H 2 microdomains ͓30.8%, Fig. 3͑c͔͒ . It is also due to the increase from 17.2% to 62.5% of H 1 -H 2 microdomains that fold to the native state. The underlying reason for these changes is probably related to the increase in stability of the microdomains as the temperature is lowered. Figures 10͑c͒ and  10͑d͒ are illustrative examples of the increased stability of both microdomains at T*ϭ2.0. However, the change is most significant for H 1 -H 2 . Though still less stable than H 2 -H 3 , FIG. 9 . Probability of nonlocal residue-residue contacts and hydrogen bonds of the nine trajectories that folded with an on-pathway H 2 -H 3 intermediates. Residue-residue contacts and hydrogen bonds are above and below the diagonal, respectively. The average is over the nine folded trajectories and for ͑a͒ Qϭ0. 15 once formed, the H 1 -H 2 microdomain is stable. This suggests that the large free energy barrier between the H 1 -H 2 microdomain and native state, at T*ϭ2.5, is in part due to the instability of H 1 -H 2 at higher temperature.
Although folding simulations at T*ϭ2.0 provide important insights, the folding mechanism obtained at T*ϭ2.5 is likely more representative of the folding of BpA in nature. T*ϭ2.0 is 60% of the folding temperature of T f ϭ3.35, while T*ϭ2.5 is 75% of T f . The experiment on BpA by Bai et al. 72 was performed at 278 K, which is ϳ79% of T f , assuming a typical folding temperature of 350 K. 98 Thus, a folding simulation at an even higher temperature than T* ϭ2.5 is desired, but the folding rate at higher temperatures is too low to permit good statistics. However, simulation results at Tϭ3. 35 and Tϭ3.0 indicate that folding via the H 2 -H 3 domain is still dominant at higher temperature ͑see discussion below͒.
D. The transition states
In the previous sections, the properties of the transition states were analyzed by using several progress variables ͑Figs. 5, 6, 8, and 9͒. A transition state can be more accurately defined, without ambiguity regarding the choice of reaction coordinates, as having equal probability of proceeding to the native or back to the microdomain intermediate. To determine the transition-state ensemble, the 80 trajectories that folded were carefully reexamined. The transition states of the trajectories, most likely, occur during periods when abrupt changes in the conformation lead to a transition from the H 2 -H 3 ͑or H 1 -H 2 ) microdomain to the native state.
Thirty such conformations were identified from each folded trajectory. The transition state conformations were identified by performing 40 simulations starting from each of the selected conformations at T*ϭ2.5 for a period of t*ϭ2000. In all, over 96 000 simulations were performed. Conformations that fold to the native state 16 -24 times ͑40%-60%͒ were identified as transition states. 38 and 8 transition state conformations were found for the dominant and secondary pathways, respectively. Simulations of some of the selected conformations for a duration of t*ϭ4000 result in similar transition states. The same method has been employed in previous theoretical examinations of transition state ensemble of proteins. 62, 99, 100 The 38 dominant transition state conformations have average fraction of nonlocal native contact of Qϭ0.49 and average r g ϭ11.2 Å. Figure 11͑a͒ shows the average contact map of the transition state ensemble of the dominant path.
Comparison with Fig. 6͑f͒ shows that Fig. 12͑a͒ shows that L20-R28 contacts have a low probability, some L20-R28 atomic contacts are always present in all of the eight transition states of the secondary pathway. L20-R28 is important since its strategic location ͓see Fig. 12͑b͔͒ near the L 1 turn region prevents H 1 -H 2 from unfolding completely. It is likely that eliminating this contact would further reduce the number of BpA that folds by the secondary pathway.
IV. DISCUSSION

A. Folding mechanism
In this paper, the folding kinetics of BpA is studied by using an all-atom ͑except nonpolar hydrogens͒ Gō model that reproduces the side-chain packing and native atomic contact details of the real protein. The results show that the majority of BpA fold by a pathway with an on-pathway H 2 -H 3 microdomain. The folding mechanism can be described as a diffusion-collision mechanism, 101 or framework mechanism, 102 with preformed secondary helices preceding tertiary contacts. Among the preformed helices, H 3 forms first and is the most stable. It should be noted that the pre- formation of helices is one limit of the diffusion-collision mechanism. The latter also allows for the formation of helices from the collisions of partially formed helices.
Although this study suggests a specific pathway that differs from other theoretical works, important aspects have been previously observed. For example, the H 1 -H 2 microdomain was also found in the equilibrium free-energy surface analysis based on an all-atom CHARMM model in explicit solvent. 9, 10 The early formation of H 3 in our model is consistent with the late unfolding of H 3 in an unfolding allatom simulation study of BpA in explicit solvent. 73 In addition, loop formation with L 2 forming first was found in other theoretical study of BpA as well. 36 Favrin et al. 76 successfully folded BpA by ab initio simulations. The folding behavior of their model resembles the behavior obtained by an off-lattice C ␣ model with low energy-biased gap. 34, 60 A recent all-heavy atom model based on local-density constraints and atomic interactions yielded a folding mechanism similar to that obtained here. 77 The symmetry breaking of the pathways was not observed by a simpler C ␣ -based Gō model. 34, 60 This is because it is hard to reproduce the packing interaction with a C ␣ -based model. First, the nonlocal sidechain contacts of loop L 1 and of loop L 2 are difficult to reproduce with a C ␣ based model. If a 6.5 Å distance between C ␣ atoms ͑which is a typical cutoff distance͒ is used as the cutoff distance for the residue-residue contact, there are no nonlocal contacts between L 1 and H 2 -H 3 . Even a much greater 7.5 Å cutoff, which is almost twice larger than 3.8 Å ͑typical pseudo C ␣ -C ␣ bond length͒, results in only four of the 11 nonlocal residue-residue contacts, present in the all-atom model, between L 1 and H 2 -H 3 . Second, perhaps, more importantly, it is very difficult for a reduced representation to mimic the specific geometric fit between sidechains. Indeed, the C ␣ -based model 34, 60 for BpA revealed multiple folding pathways to the native structure in which H 1 -H 2 and H 2 -H 3 have equal probability of forming first. This highlights the importance of representing all atoms explicitly in model of proteins, in order to capture specific behaviors of a protein.
Berriz and Shakhnovich 36 extended the C ␣ -based models by including an orientation-dependent potential to mimic some restrictions due to sidechain contacts. The orientationdependent potential is used to restrict the angle between the plane defined by residues iϪ1, i, iϩ1 and the vector connecting residues i and j to a value close to the native value. The orientation potential is used to increase the rigidity of the native state and thus, to eliminate the molten globule state. 31 Similar to our results, they found that the folding of BpA is dominated by two rate determining steps: the formations of loop L 2 ͑the first step͒ and of loop L 1 ͑the second step͒. However, in most cases, helices H 2 and H 3 of their model are stabilized after the formation of L 2 , and helix H 1 is formed after the formation of L 1 . This is different from the results obtained by the simpler C ␣ -based model ͑without an orientation-dependent potential͒ 34, 60 and the present allatom model in which all helices are formed prior to tertiary contacts. They attribute this difference to the low folding simulation temperature used in the C ␣ -based model. 36, 37 To address such a possibility, we perform 50 folding simulations at T*ϭ3.0 for a period of ϳ1.5 billion collisions. 5 trajectories folded with on-pathway H 2 -H 3 microdomain, while the rest failed to fold to the native state. For the latter, the last structures are made of either a random coil of three helices or a microdomain of H 2 -H 3 plus a fully formed H 1 . In addition, 15 folding simulations are performed at the transition temperature T f *ϭ3.35 for 2 billion collisions ͑each takes about 4 days͒. Though this results in no folded trajectory, the helical structures are mostly formed by the end of the simulations, and in three cases the H 2 -H 3 microdomain was mostly established. Thus, the early formation of the helices and the dominant role of the H 2 -H 3 microdomain occur at all temperature. In our model, a helix is stabilized not only by the native main-chain hydrogen bonds but also by the isotropic van der Waals atomic interactions of the sidechains. The lack of isotropic native interactions may explain the difficulty in forming helices in Berriz and Shakhnovich's model. On the other hands, the all-atom Gō model used here overstabilizes helices because there are many more intrahelical local atomic contacts ͑2975 contacts or 88% of all atomic contacts͒ than nonlocal contacts. One possible remedy is to decrease the strength of local native contacts so that the stabilities of isolated helices are close to experimental values. Another possible remedy is to allow non-native hydrogen bonds such as those within the protein and between solvent molecules and the protein to compete with the native helical main-chain hydrogen bonds. Nevertheless, the results of all-atom Gō model are qualitatively consistent with available experimental data. Hydrogen exchange data indicate that H 3 is the most stable isolated helix ͑30% helical content͒. 72 The dominant role of a H 2 -H 3 microdomain is also consistent with the fact that the H2-H3 fragment contains 50% helix compare to 12% for the H1-H2 fragment. 72 Moreover, in an experimental denaturation study of BpA, Bottomley et al. ͑1994͒ stated that ''H 1 unfolded first, followed by H 2 and H 3 together.'' This is exactly the reverse of the average folding pathway observed here. Furthermore, the diffusion-collision folding mechanism found here agrees with the fact that experimental kinetic data of BpA can be interpreted quantitatively by a diffusioncollision model 70 with experimentally measured fractional helicity 72 as input. To estimate the physical folding time, we set 100 reduced time units, the approximate contact time between any two residues that are two residues apart in our simulation, to be equal to the experimentally measured time of about 20 ns. 103 This leads to a folding time of 16 s at 40% folded, the same order of magnitude of the measured value of 6s. 
B. The origin for the difference between the two pathways
There are several reasons why the model BpA prefers to fold via on-pathway H 2 -H 3 intermediate. The first reason is that the formation of loop L 2 is entropically easier. Loop L 1 has 11 nonlocal residue-residue contacts ͑with H 2 and H 3 ), while loop L 2 has only two nonlocal residue-residue contacts ͑with H 2 ). Hence, there is an entropic barrier associated with the conformational search to form many long-distance, nonlocal contacts of L 1 . This interpretation is based on the
